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Abstract. Massive stars play an important role in explaining the cosmic ray spectrum below the
knee, possibly even up to the ankle, i.e. up to energies of 1015 eV or 1018.5 eV, respectively. In par-
ticular, Supernova Remnants are discussed as one of the main candidates to explain the cosmic ray
spectrum. Even before their violent deaths, during the stars’ regular life times, cosmic rays can be
accelerated in wind environments. High-energy gamma-ray measurements indicate hadronic accel-5
eration binary systems, leading to both periodic gamma-ray emission from binaries like LSI+60 303
and continuous emission from colliding wind environments like Eta Carinae. The detection of neu-
trinos and photons from hadronic interactions are one of the most promising methods to identify
particle acceleration sites. In this paper, future prospects to detect neutrinos from colliding wind en-
vironments in massive stars are investigated. In particular, the seven most promising candidates for10
emission from colliding wind binaries are investigated to provide an estimate of the signal strength.
The expected signal of a single source is about a factor of 5− 10 below the current IceCube sen-
sitivity and it is therefore not accessible at the moment. What is discussed in addition is future
the possibility to measure low-energy neutrino sources with detectors like PINGU and ORCA: the
minimum of the atmospheric neutrino flux at around 25 GeV from neutrino oscillations provides an15
opportunity to reduce the background and increase the significance to searches for GeV/TeV neu-
trino sources. This paper presents the first idea, detailed studies including the detector’s effective
areas will be necessary in the future to test the feasibility of such an approach.
1 Introduction
While the sources of high-energy cosmic rays are still not directly identified, the search for neutrinos20
and photons from cosmic ray interactions in the vicinity of the acceleration environments has made
1
great progress within the past couple of years:
1. The Fermi satellite was able to measure gamma-ray emission from two SNRs, i.e. W44 and
IC443, in accordance with hadronic models (Ackermann et al., 2013): Fermi detects gamma-
rays from ∼ 100 MeV up to GeV energies and is therefore sensitive to the low-energy cutoff25
from the pion induced gamma-ray spectrum at ∼ 200 MeV. Such a cutoff was reported in
Ackermann et al. (2013) for the two SNRs W44 and IC443, providing a first piece of evidence
for the hadronic nature of the signal. The detection of these two SNRs, however, does not
provide information about the entire observed cosmic ray budget. The spectra of these two
SNRs in particular are much too steep toward TeV energies to be able to explain the observed30
cosmic ray spectrum with a spectral behaviour of E−2.7, see e.g. Mandelartz & Becker Tjus
(2013).
2. A first signal of high-energy neutrinos (TeV-PeV energies) was recently announced by the
IceCube collaboration (Aartsen et al., 2013a). The signal shows an astrophysical flux up to
PeV energies, which either represents an E−2 flux which cuts off toward higher energies or35
a somewhat steeper flux (∼ E−2.2) persisting to higher energies (Aartsen et al., 2013a). At
this point, this first signal is fully consistent with an isotropic flux, so no individual sources
have been identified yet. The possible cutoff at PeV energies makes the interpretation as
Galactic cosmic ray sources an interesting option. This would mean that a clustering of the
events within the Galactic plane will have to be observed in the future. A purely isotropic40
distribution would, on the other hand, rather point to an extragalactic flux.
Cosmic ray energy spectra from stellar environments are believed to be of too low energy in order
to explain the total flux of cosmic rays up to the knee: the observed cosmic ray energy spectrum
is believed to be produced by one dominant source class up to the first, most prominent change in
the spectral behaviour of the cosmic ray spectrum, the so-called knee at 1015 eV. Stellar environ-45
ments cannot provide such extreme energies, it is rather expected to have particle acceleration up to
100 TeV energies at maximum, something that is obvious from the Hillas criterion, see e.g. Becker
(2008) for a summary. Thus, stellar sources must be sub-dominant with respect to the entire cos-
mic ray budget. Cosmic rays from stars could, however, contribute to the neutrino and gamma-ray
flux by interacting with the stellar wind environment. A summary of different neutrino emission50
scenarios from massive stars is given in Romero (2010), gamma-ray emission from Wolf-Rayet
binaries is discussed in detail in Benaglia & Romero (2003). In particular, colliding winds in mas-
sive binary systems provide a good source for both cosmic ray acceleration, due to the shock front
formed by the colliding winds, as well as particle interaction, due to the dense wind environments
(Eichler & Usov , 1993). The prominent case of η Carinae was detected at gamma-ray energies55
by the Fermi satellite (Abdo et al., 2010), showing both a steep component possibly representing
inverse Compton photons (Reimer et al., 2006) and a flat component persisting towards higher en-
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ergies (Farnier et al., 2011). The latter is a strong indication for hadronic acceleration up to GeV
energies. Gamma-rays produced in proton-proton interactions are always accompanied by neutri-
nos. For the case of Eta-Carinae, this is already discussed in detail in Bednarek & Pabich (2011). In60
this paper, the high-energy neutrino flux from colliding wind binary systems (CWBs) is calculated
using most recent limits and detections with the Fermi satellite. The very low cosmic ray maximum
energy of below 100 TeV leads to neutrino maximum energies of around a few TeV (Eν ∼ Ep/20).
It is thus clear from the beginning that a high-energy neutrino telescope like IceCube with a lower
energy threshold of 100 GeV and maximum performance at above 10 TeV neutrino energy will have65
a difficult time to detect such signatures. Low-energy extensions like PINGU and ORCA, on the
other hand, might provide a possibility of how to detect these sources. This idea will be discussed in
detail in this paper.
2 Colliding wind binaries: neutral secondaries from cosmic ray interactions
When hadronic cosmic rays interact with a matter target locally at the cosmic ray acceleration site,70
neutral particles like gamma-rays and neutrinos are produced via pion- and kaon decay from the
interaction (Becker, 2008, e.g.). In astrophysical environments, it is usually sufficient to include the
contribution from pions and neglect the kaons as well as any contribution from charmed particles.
The main reason is the low target density, which does not allow the pions to interact before they de-
cay. Thus, the much more frequent process of pion decay usually dominates the neutrino spectrum.75
Situations of extreme environment can change that, as can be seen at the example of gamma-ray
bursts, discussed in e.g. Hu¨mmer et al (2012). In general, proton-proton and proton-photon interac-
tions produce neutrinos in astrophysical environments. Here, we focus on proton-proton interactions
due to the high matter density in stellar wind environments which should dominate the total optical
depth for hadronic interactions. An additional reason is the very high energy threshold for neutrino-80
production via proton-photon interactions, see e.g. Becker (2008) for a detailed discussion. With
maximum energies around some TeV, it is not expected to have a significant contribution.
The neutrino spectrum from charged pion-decay is given as
Φν(Eν) = c ·nH ·
1∫
0
σpp(Eν/x) · Jp(Eν/x) ·Fν(x,Eν/x) ·
dx
x
. (1)
Here, the integration is performed in x= Ep/Eν . Functions are the total inclusive proton-proton85
cross-section σpp, the number of protons per unit area and energy at the source Jp and the distribution
of neutrino production from a single interaction of a proton at energy Ep, Fν . The factor dx/x
takes into account the relative contribution of protons in the interval (dEp, Ep + dEp). An analytic
approximation derived from numerical interaction models can be found in Kelner et al. (2006) and
will be used here.90
Neutrinos are produced both directly from the charged pion decay, pi→ µν, and from the muon
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decay, µ→ eν ν. Each of the three neutrino fluxes receives approximately the same amount of total
energy from the pion. Thus, on total,∼ 3/4 of the energy is going into the neutrinos. Once produced,
neutrinos propagate straight without further interaction, and the only thing which needs to be taken
into account is their oscillation. A ratio of (νe : νµ : ντ ) = (1 : 1 : 1) is expected on average at such95
long distances, when starting with the pion-induced ratio of (1 : 2 : 0) at the source.
The uncertainties of the calculation from astrophysics, in particular the unknown cosmic ray flux
at the source, but also the target density, dominate the total uncertainties of the calculation. In
this context, ingredients from particle physics (i.e. neutrino distribution function and proton-proton
cross-section) are sufficiently well-known. In this paper, gamma-ray observations are used to con-100
strain the astrophysical parameter space.
The spectral behaviour of the neutrinos and photons follows the cosmic ray spectrum directly
above a threshold energy of ∼ 200 MeV and up to a maximum energy of about 1/20 for neutrinos
and 1/10th for photons of the maximum cosmic ray energy. Diffusive shock acceleration indicates
cosmic ray spectra at the source of ∼ E−2, see e.g. Gaisser (1991) for a summary. For simplicity,105
an E−2 spectral behaviour is used here, with a cosmic ray maximum energy of 100 TeV.
A binary system is described via its mass loss rates M˙i (i= 1,2) and wind velocities Vi. The
colliding winds provide a total power of LW = 1/2 ·
(
M˙1 ·V
2
1 + M˙2 ·V
2
2
)
and it is expected that
parts of this power is going into the acceleration of cosmic rays. Cosmic rays are therefore limited in
their total luminosity Lcr by the energy available from the total wind power LW : total wind power:110
Lcr = η ·LW =
η
2
·
(
M˙1 ·V
2
1 + M˙2 ·V
2
2
)
(2)
with η < 1. For the seven most interesting systems, among them η Car, WR140 and WR147, param-
eters are listed in Table 1.
The total hadronic gamma and neutrino power scales with three physical input parameters:
1. Wind luminosity: under the assumption that a fixed budget of the total wind velocity, LCR =115
η ·LW, the neutrino flux scales with this variable, φν ∝ LW.
2. Hydrogen density: the fraction of protons interacting in the gas depends linearly on the target
density assuming optical depths less than 1, which is a reasonable assumption. Therefore,
neutrino production from a fixed cosmic ray flux depends on the hydrogen density nH, where
all hydrogen species (H-I, H-II and H2 are counted): φν ∝ nH . It should be noted that the120
presence of helium in the wind would further increase the signal. The flux would scale up by
a factor (1+nHE/nH), where nHe is the local helium density. As uncertainties on the fraction
of helium at the source are rather large, this additional contribution is neglected at this point.
3. distance to the source: the flux observed at earth then scales with one over the distance from
the source squared: φν ∝ 1/d2L.125
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d M˙1 V1 M˙2 V2 nH
[kpc] [10−5M⊙/yr] [km/s] [10−7M⊙/yr] [km/s] [1037 erg/s]
η Car 2.3 25 500 100 3000 ∼ 109cm−3
WR11 0.41 3 1550 1.78 2500 < 0.07 ·nη−carH
WR137 2.38 3.3 1900 N/A (0) N/A (0) < 0.1 ·nη−carH
WR140 1.85 4.3 2860 87 3100 < 0.1 ·nη−carH
WR146 1.25 4 2700 80 1600 < 0.2 ·nη−carH
WR147 0.78 2.4 950 4 800 < 0.1 ·nη−carH
Arches Cluster 8.33 60 1500 – – ∼ 108 cm−3
Table 1. Wind parameters. All values for η Carinae are taken from Reimer et al. (2006); Farnier et al. (2011), all
parameters for Wolf-Rayet binaries, except for the densities, are taken from Werner et al. (2013) and references
therein. As a conservative limit, we use the maximum allowed distance for the sources (including errors),
leading to the lowest possible neutrino flux. The remaining free parameter in the calculation is the target density,
which is chosen in order to obey the gamma-ray limits from Werner et al. (2013). For the Arches cluster, we
follow Raga et al. (2001) in assuming a number of 60 CWBs with a mass loss rate of M˙W ∼ 10−4M⊙/yr and
a wind velocity of vW ∼ 1500 km/s each, and using the estimated distance of 8.33 kpc. The density is taken to
be 108 cm−3, which is a factor of 10 above what is cited in Figer & Morris (2002) in order to account for the
increased density in the shock region, as discussed in Farnier et al. (2011).
Thus, on total, the neutrino flux scales with the variable
χν =
LW ·nH
d2L
= 1046
erg
scm3 kpc2
·
(
LW
5 · 1037 erg/s
)
·
( nH
109 cm−3
)
·
(
dl
2kpc
)
−2
(3)
The number of 1046 erg
scm3 kpc2
given in the above equation represents the value for η-Car with the
input-parameters as indicated. In this case, the expected neutrino flux can be derived directly from
the measurements of the high-energy gamma-ray component (Farnier et al., 2011). Wind parameters130
for WR11, WR137, WR140, WR146 and WR147 are taken from Werner et al. (2013), who also
provide restrictive limits to the gamma-ray flux from measurements with the Fermi satellite. In this
paper, these limits are used to normalise the photon and neutrinos fluxes, a procedure that leads to
the prediction of an upper limit to the density in the source nH : as all parameters are fixed in the
calculation according to Table 1, the density needs to be reduced with respect to the density in η135
Carinae to obey the limits.
Figure 1 shows the resulting neutrino fluxes. As described above, the upper limit from observa-
tions to the distance of the source is used in the calculations, resulting in a conservative estimate of
the fluxes. Then, the density is estimated in an optimistic fashion, choosing a value close to the limit
for gamma-ray emission given in Reimer et al. (2006).140
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Fig. 1. Muon neutrinos from Wolf-Rayet Binaries, Eta Carinae and the Arches Cluster. The fluxes of the
Wolf-Rayet binaries are fixed to obey limits from gamma-ray observations.
3 Conclusions and Outlook
Figure 1 shows that potential CWB neutrino sources range from flux levels of E2dN/dE ∼ 10−13−
2 · 10−12 GeV/(cm2 s sr). For one year of operation, the sensitivity of the IceCube between 0.1 TeV
and 10 TeV is at a level of E2dN/dE
∣∣
sens
∼ 10−13− 2 · 10−12 GeV/(cm2 s sr) for the first three
years of operation, depending on the exact declination of the source (Aartsen et al., 2013b). IceCube145
is sensitive to northern hemisphere sources at these energies, i.e. to WR137, WR140, WR146 and
WR147. Sources in the southern hemisphere, i.e. WR11, eta Carinae and the Arches cluster, are
interesting for the operating ANTARES telescope, but in particular for the KM3NeT observatory
with its improved sensitivity. From the first IceCube results (Aartsen et al., 2013b), it is clear that a
detection of neutrinos from CWBs cannot be accommodated right now. Also, the detected, diffuse150
flux of astrophysical neutrinos cannot arise from these sources, as it persists up to PeV energies,
so much higher than expected for CWBs, where the maximum neutrino energy would rather be in
the GeV-TeV range, assuming that neutrinos receive approximately 1/20th of the initial cosmic ray
energy, see e.g. Becker (2008) and references therein.
The central question is now how the detection probability could be enhanced when concerning155
CWBs. Apart from considering the obvious analysis strategies like searching for individual point
sources or stacking the brightest sources, it is most important to exploit the signal at low energies as
efficiently as possible. Within IceCube, the DeepCore array enlarges the effective area at energies
around 30 GeV by a factor of larger than 2 (Abbasi et al., 2012). In the future, the low-energy
IceCube extension PINGU will improve the sensitivity at GeV energies even further (Aartsen et al.,160
2014). What could be exploited in this context is the probability minimum for νµ→ νµ oscillations
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at ∼ 25 GeV, i.e. P (νµ→ νµ,Eν ∼ 25 GeV) = 0, see Aartsen et al. (2014) and references therein.
In a purely theoretical view, the atmospheric muon neutrino flux is reduced to zero at these energies.
This would, again theoretically, reduce the background to zero, such that a single signal event would
become significant. Of course, limited energy resolution and other uncertainties connected to the165
detection of GeV neutrinos will make such a detection strategy much more complicated. One other
important issue is the precise estimate of the atmospheric neutrino flux at GeV energies. The use of
CORSIKA low-energy extensions (e.g. Fluka) make it possible to model the atmospheric flux with
up-to-date fits of the measured cosmic ray flux at Earth and current cross sections. This work is
ongoing and it will provide a tool in the future to reduce the uncertainties from the theoretical side170
to a minimum, but certainly not to zero.
While the above uncertainties make a detection of a GeV-signal from astrophysical sources dif-
ficult, it could still be feasible. This option should be considered for future detection arrays like
PINGU, as it may be the only chance to see neutrinos from cosmic ray sources with maximum ener-
gies smaller than some TeV. One advantage could be that searches for these sources do not concern175
the entire sky, but can be limited to the region where the source/the sources are located, thus reducing
the background to a minimum.
To summarise, as of today, the detection of neutrinos from CWBs with IceCube or ANTARES is
rather unlikely due to a relatively low flux in combination with a low maximum energy. With the first
detection of an astrophysical signal, high-energy neutrino astrophysics has just begun. Therefore,180
for the future, considering the potential of low-energy extensions like PINGU or ORCA, CWBs
should be certainly be considered as interesting neutrino sources, having the potential to reveal both
acceleration properties as well as information about the local hydrogen density.
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